Objective: To evaluate immunohistochemical erythropoietin (EPO) expression in clear cell renal cell carcinoma (ccRCC), its association with major clinicopathological variables and its prognostic impact. Methods: A total of 220 patients with renal cell carcinoma (RCC) surgically treated between 1989 and 2009 were evaluated in this multi-institutional study. All the cases were reviewed by a single pathologist and the immunohistochemical reactivity to EPO was analysed using tissue microarray. Results: A total of 176 patients with ccRCC were considered, with an average of 48 months of follow-up. Of the tumours evaluated, 47 (26.7%) were negative for EPO expression, and 129 (73.3%) were positive. EPO expression was associated with incidental tumour (p = 0.016), tumour size (p = 0.015), Karnofsky Performance Score (KPS) (p = 0.016), blood transfusion (p = 0.009) and adrenal involvement (p = 0.038). The median ages of the patients with positive and negative EPO expression were 56.2 years and 66.6 years. Immunohistochemical EPO expression affected overall survival (OS) and disease-specific survival (DSS) rates. The DSS rates of the patients whose tissue was positive and negative for EPO expression were 85.3% and 76.1%, respectively (p = 0.044). In a multivariate analysis, the absence of EPO expression proved to be a bad prognostic factor and negatively affected the OS (p < 0.001) and DSS (p < 0.001) rates. Conclusion: The absence of tumour EPO expression is an independent predictive factor with a negative effect on survival rates. The use of EPO as possible marker in the management of ccRCC patients requires further studies and a better understanding of the role of EPO in tumour biology.
INTRODUCTION
Renal cell carcinoma (RCC) accounts for 3% of malignant adult cancers, and its incidence has been increasing over the last 20 years [1] [2] [3] [4] . In Europe, 115,000 new cases were estimated in 2012, with 49,000 deaths occurring as a result of the disease [5] .
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Historically, the development of prognostic models based on clinical, anatomical and histopathological variables has been considered important in the treatment of RCC. However, more accurate prognostic factors can improve accuracy in predicting results and aid in individualising the treatment of these patients. Advancements in genomics and proteomics have enabled the identification of key molecular pathways involved in the growth and development of RCC metastases. In recent years, therefore, numerous molecular and genetic markers have provided a better understanding of tumour biology and have been studied as prognostic factors [7] .
Recently, erythropoietin (EPO) and its receptor (EPO-R) have been found in several nonhaematopoietic tissues, such as the liver, uterus, central nervous system, endothelial cells and various malignant solid tumours, including RCC [8, 9] . The effects of EPO on stimulating erythropoiesis are known; however, in tumours and non-haematopoietic tissues, it is believed that this hormone can stimulate angiogenesis, promote cell proliferation and inhibit apoptosis [10, 11] . These findings have aroused interest in studying the effects of EPO on such tissues, primarily with respect to the use of recombinant human erythropoietin (rhEPO) in the treatment of anaemia that is present in many neoplasias. Moreover, the majority of renal tumours originate in the proximal tubules of the renal cortex, which is recognised as a site of EPO production in adults [12] [13] [14] .
Although many studies have demonstrated EPO expression in RCC, the prognostic significance of the expression of this marker is still unclear and studies have yielded conflicting results [15] . Therefore, the aim of the present study was to immunohistochemically evaluate EPO expression in clear cell RCC (ccRCC) and adjacent benign tissue, the association of this expression with major clinicopathological variables and its prognostic impact.
PATIENTS AND METHODS
A total of 220 patients who underwent radical or partial nephrectomy at two South American centres were evaluated between 1989 and 2009. Both institutions are members of the LARCG (Latin American Renal Cancer Group) [16] , and clinical data were obtained from their medical records. The pathological data were reviewed and standardised by a single experienced pathologist (IWC), and the most representative areas of the tumour were selected for the construction of a tissue microarray (TMA). A follow-up was performed every 3 months during the first 2 years, followed by every 6 months until the fifth year and yearly thereafter. The evaluation of metastases was performed with computerised tomography (CT) or magnetic resonance imaging (MRI) of the abdomen and the pelvis, a chest X-ray, or a bone scan of the entire body. Patients with other malignancies, those undergoing neoadjuvant treatment, those with incomplete data and those lost during follow-up were excluded. Only ccRCC cases were considered in the present study, providing a final sample of 176 patients. 
TMA Construction
Paraffin blocks and their respective slides were selected to create the TMA. Two cylinders (1 mm in diameter) of the most representative areas of the tumour were obtained from each donor block and transferred to construct the TMA. Tissue known to be positive or negative for EPO expression was used as an internal control. When present and viable, areas of non-tumourous renal tissue at least 1.0 cm from the primary tumour were also selected. Sequential 4-m slices of the TMA were obtained and stained with haematoxylin and eosin to confirm the diagnosis. These sections were then used in the immunohistochemical EPO assay.
Immunohistochemistry
The immunohistochemical reactions were performed in an automated Ventana Benchmark XT (Roche Diagnostics, Mannheim, Germany) after standardisation of the technique. The slide deparaffinisation was performed by applying EZPrep (Roche) and heating to 75 • C for 8 minutes. Cell Conditioner (Roche) was applied for 8 minutes at 95 • C and then for 64 minutes at 100 • C for antigen retrieval. Endogenous peroxidase activity was blocked by applying UV DAB H 2 O 2 (hydrogen peroxide 10 vol.). The slides were then incubated with a primary rabbit polyclonal anti-EPO antibody (Abcam, Cambridge, MA, USA), 1:200, for 32 minutes. As a control, 31 kidney tissue samples of non-tumourous tissue that had been included in the TMA were used. The viewing system used to immunohistochemically detect the evaluated marker was the iVIEW™ DAB Detection Kit (Ventana Medical Systems Inc., Tucson, AZ, USA).
The reactions were analysed by an experienced pathologist (LS) blinded to the disease evolution of the patients. It should be noted that because these antibodies have not been widely studied and there is a wide range of standardisation in the literature, the reaction quality was rigorously analysed in two slides from each patient, and doubtful cases were excluded. Given the pattern of EPO expression and to avoid the subjectivity inherent in the method, the reactions were evaluated in a qualitative manner. To achieve the best interpretation, the categories of "negative expression" and "positive expression" were used to define the absence or presence, respectively, of EPO expression according to immunohistochemical analysis.
Statistical analysis
SPSS for Windows, version 21.0 (SPSS Inc., Chicago, IL, USA) was used for statistical analyses. The clinical and pathological variables and the immunohistochemical expression of EPO were compared using the Pearson chi-squared test. Variables with an expected frequency of less than 5 were analysed using Fisher's exact test. The Mann-Whitney and Kruskal-Wallis tests were used to compare means among different EPO expression groups.
Overall survival (OS) was defined as the time interval between surgery and the date of death or the last visit. Disease-specific survival (DSS) was defined as the interval between primary surgery and death from RCC or the last follow-up visit. The probability of OS and DSS within 5 years was calculated using the Kaplan-Meier method, and categories were compared using the log-rank test. The Cox proportional hazards model was used to determine which variables influenced survival. The variables that significantly impacted survival in univariate analyses were included in multivariate analyses. The confidence interval was 5%.
RESULTS
Of the 176 patients considered, 61 (34.6%) patients underwent partial nephrectomy, and 115 (65.3%) patients were treated with radical nephrectomy. The median age was 57 years (range 29 to 86 years). The median follow-up period was 48 months. Approximately half of the patients (86) had incidental tumours, and 21 (11.9%) were diagnosed with metastasis. The mean tumour size was 6.86 cm (largest diameter).
EPO exhibited a predominantly cytoplasmic and homogeneous pattern of immunohistochemical expression (Fig. 1) . Of all the evaluated tumours, 47 cases (26.7%) were negative for EPO expression, and 129 (73.3%) cases were positive. A total of 31 benign renal tissue samples adjacent to the tumour were also analysed. The proportion of cases positive At the end of the follow-up period, 40 patients had died, and 75% of these deaths were due to the cancer. The OS and DSS rates of the entire sample after 5 years were 77.4% and 83.1%, respectively. A univariate analysis indicated that clinical and pathological variables such as symptoms at diagnosis, KPS, ECOG status, ASA classification, clinical stage, tumour size, metastasis at diagnosis, lymph node invasion, necrosis, and fat/sinus invasion affected survival rates. Analysis of the studied marker revealed that EPO expression positively affected OS (p < 0.001) and DSS (p = 0.044). The OS rates at 5 years in patients who were positive and negative for EPO expression were 82.9% and 60.9%, respectively. The 5-year DSS rates of patients who were positive and negative for EPO expression were 85.3% and 76.1%, respectively (Fig. 2) .
In the multivariate analysis, the variables remaining as independent predictors of OS were the presence of metastasis at diagnosis (p < 0.001), ASA classification (p = 0.022) and clinical stage (p = 0.026). The predictive factors for the risk of cancer death (DSS) were the presence of metastasis at diagnosis (p < 0.001) and clinical stage (p = 0.006). In addition to these factors, negativity for EPO expression remained an independent predictor of the risk of death, and negatively affected OS (HR 9.67; 95% CI 3.45-27.10; p < 0.001) and DSS (HR 9.54; 95% CI 3.04-29.92; p < 0.001) ( Table 2) .
DISCUSSION
In the tumour microenvironment, tissue hypoxia acts as a regulatory factor inhibiting or stimulating the expression of specific genes, especially those relating to angiogenesis and cell proliferation [17, 18] . EPO production is mediated via the intracytoplasmic accumulation of hypoxia-inducible factor 1␣ (HIF-1␣), characterising the von Hippel-Lindau (VHL)-HIF-EPO pathway as the main adaptive mechanism in response to hypoxic conditions. In addition to hypoxia, another mechanism that leads to the stabilisation of HIF-1␣ in the cytoplasm, with the subsequent increased production of these angiogenic factors, occurs via VHL gene deletions and methylation. These changes in the VHL gene occur almost exclusively in ccRCC cases [19] . EPO is a glycoprotein of the class I cytokine family and is produced by peritubular endothelial cells of the renal cortex in adults. The main function of EPO is the control of erythropoiesis in the bone marrow [20] . In non-haematopoietic tissues, the interaction of EPO with its membrane receptor (EPO-R) leads to the inhibition of apoptosis, the promotion of cell proliferation, resistance to certain drugs, and the stimulation of angiogenesis [10] .
The first study that evaluated the immunohistochemical expression of EPO in only 14 RCC (ccRCC and papillary RCC) tissues fixed in 10% formalin and processed in paraffin was conducted in 1998 [21] . In that study, EPO expression was detected via immunohistochemistry in 74% of the RCC samples. Another study also revealed the immunohistochemical expression of EPO and the EPO-R in RCC patients, demonstrating strong staining in more than 90% of the samples [22] . In the present study, 129 (73.3%) cases were positive for EPO expression, and 26.7% of the cases were negative. It should be noted that samples with no substantial degree of marker expression were considered negative, which methodologically decreases the subjectivity of the analyses and immunohistochemical patterns.
Few studies have evaluated EPO expression in RCC, although with conflicting results and baseline variables [15] . Furthermore, the evaluation of the immunohistochemical expression of EPO in normal and tumourous tissue and the associations with major clinical and pathological variables, especially the impact on survival, has been rarely explored in the literature.
Our study evaluated EPO expression in RCC and adjacent benign tissue (1.0 cm from the tumour), demonstrating a greater proportion of cases that were positive for EPO expression in non-tumourous renal tissue than in tumours, at 96.8% and 73.7%, respectively. Recently, other authors have also evaluated the immunohistochemical expression of EPO in a variety of malignant and benign tumour cell lines, using TMAs [23] . In contrast to the present study, there was no statistically significant difference in EPO expression between benign renal tissue and RCCs. It should be noted that in that study, the benign renal tissue was not adjacent to the primary tumour and was therefore not subject to the influence of the tumour microenvironment. Hypothetically, in our series, the effect of tumour cytokines on adjacent benign tissue could have activated mechanisms adaptive to hypoxia, leading to EPO expression in tissues with a normal phenotype compared to that of RCC.
Associations of the main prognostic factors of RCC and EPO expression were also evaluated in our study. The proportion of patients who were positive for EPO expression was greater in patients with incidental tumours, in those with a KPS ≥80, in those whose tumours were <7.0 cm, in those with a preoperative haemoglobin level ≥12 g/dl and in those not transfused at the time of nephrectomy. Furthermore, patients who were positive for EPO expression were younger than those who did not express EPO.
In a recent study, a number of prognostic factors in RCC patients of various histological types were evaluated. In contrast to our study, no associations of EPO expression with the main clinical and pathological variables were observed. Another study involving 249 patients with ccRCC found that EPO expression was associated with high-grade tumours [24] . In the present study, the only pathological factor that was associated with EPO expression was adrenal invasion.
The association between the immunohistochemical expression of EPO and the impact on survival is still uncertain. In the literature, one single study was able to demonstrate in a univariate analysis the impact of EPO expression on the survival of 113 patients with ccRCC. In that study, Michael et al. [25] reported that the risk of death in patients positive for EPO expression was approximately twice as high as that for patients who were negative for expression (HR 2.34; 95% CI 1.27-4.3; p = 0.006). However, in a multivariate analysis, only the presence of macroscopic capsular invasion remained as an independent factor in survival.
In our series, patients who were positive for EPO expression had a better prognosis, and 82.9% were alive after 5 years. In contrast to the findings by Michael et al. [25] , patients negative for expression were twice as likely to die from RCC (HR 2.11; 95% CI 1.00-4.44; p = 0.049). Moreover, the multivariate analysis indicated that negativity for EPO expression remained an independent predictor of worse DSS and OS rates.
It is important to note that the tumours of patients who were in better general condition (younger, with incidental tumours and better performance status and without anaemia) expressed EPO in greater proportions, which may indirectly have contributed to the better survival rates in the present study. Thus, EPO might be a more sensitive marker for patientdependent factors than for factors directly related to the disease.
Disagreements with the literature can be explained as follows: these markers are rarely studied in the literature; there are different methods of reading the results; and difficulties, such as a loss of antigenicity of the material and inadequate fixation in formalin, are inherent in the immunohistochemistry method itself. Furthermore, it is known that ccRCC has heterogeneous characteristics [26] , and the immunohistochemical expression pattern of EPO may not be homogeneous throughout the tumour. To reduce the influence of intratumour heterogeneity, we evaluated two slides (containing two tumour samples) from each patient. Each slide was sectioned at different height levels of the tumour block, resulting in quadruplicate samples per patient.
In addition, EPO is also produced by the contralateral kidneys and the liver (in small amounts), and its production and serum levels may be affected by several conditions, such as general health status, comorbidities, nutritional status, dietary habits and iron levels. Regardless of these potential external or systemic influences, our findings show that intratumour EPO immunostaining is an independent prognostic factor for survival. In the future, we could design studies testing the prognostic value of this marker in samples from percutaneous small renal mass biopsies. We imagine that EPO could also be tested as a predictive factor for drug responses in ccRCC patients with metastasis.
In conclusion, our study demonstrated in an unprecedented way that the absence of EPO tissue expression negatively affected survival rates and remained an independent predictor of OS and DSS. Future studies may jointly evaluate immunohistochemical, serum and biomolecular expression levels to validate our findings and confirm the role of EPO as a possible marker for ccRCC patients.
